University of Memphis

University of Memphis Digital Commons
Electronic Theses and Dissertations
7-24-2013

Electron Spin Resonance Studies of UV-And X-Ray Irradiated Poly
(ether ether ketone)
Tayebeh Riahinasab

Follow this and additional works at: https://digitalcommons.memphis.edu/etd

Recommended Citation
Riahinasab, Tayebeh, "Electron Spin Resonance Studies of UV-And X-Ray Irradiated Poly (ether ether
ketone)" (2013). Electronic Theses and Dissertations. 793.
https://digitalcommons.memphis.edu/etd/793

This Thesis is brought to you for free and open access by University of Memphis Digital Commons. It has been
accepted for inclusion in Electronic Theses and Dissertations by an authorized administrator of University of
Memphis Digital Commons. For more information, please contact khggerty@memphis.edu.

ELECTRON SPIN RESONANCE STUDIES OF UV- AND X-RAY IRRADIATED
POLY (ETHER ETHER KETONE)
by
Tayebeh Riahinasab

A Thesis
Submitted in Partial Fulfillment of the
Requirements for the Degree of
Master of Science
Major: Physics

The University of Memphis
August 2013

i

ACKNOWLEDGEMENTS
I would like to thank Dr. M. Shah Jahan for his continuous guidance, enormous
help and support he has given me throughout my college carrier. I am grateful to him for
his patience and innumerable discussion for this work and insightful suggestions. I would
like to show my appreciation to Dr.Firouzeh sabri, Dr. John W. Hanneken, and Dr. Hai
Trieu for taking their valuable moments to participate as a member of my thesis
committee and their suggestions after reading the final draft of my thesis. My special
thanks go to coworker Benjamin M. Walters for supporting me in my entire research
time, endless support and editing my thesis. I am also grateful to all of my professors and
friends in the Department of Physics and the University of Memphis for their help, and
friendship. I am indebted to my parents, relatives, and friends for supporting me,
encouraging me, and for their inspiration for me to pursue my higher study.

ii

ABSTRACT
Tayebeh, Riahinasab. MS. The University of Memphis. August 2013. Electron
spin resonance studies of UV-, and X-ray- poly (ether ether ketone). Major Professor: M.
Shah Jahan, Ph.D.
PEEK (polyether ether ketone) is a biocompatible, semicrystalline thermoplastic
that is mechanically strong and thermally stable; it is also generally considered to be
radiation resistant. Interactions of PEEK with radiation, such as X-ray and UV, may bring
chemical changes such as from the simultaneous occurrence of crosslinking and chain
scission, which may also impact on the macroscopic properties of material. Past research
work on PEEK is concentrated mostly on the study of the effect of energetic radiations
like gamma-irradiation and electron beam radiation. In a recent study, Awaja et al.
detected free radicals in plasma-treated PEEK at room temperature. The lifetimes of the
radicals were found to be approximately 24 hours. In another study, Li et al. observed
radiation-induced radicals at liquid nitrogen (77 K), and at room temperature, for UV-,
gamma- and e-beam-irradiated PEEK; the gamma- and e-beam-induced radicals decayed
in less than 20 minutes at room temperature, and the UV-induced radicals decayed in
about 24 hours. While no structural information about the radicals was provided, these
authors suggested that the residual radicals (present in as-received PEEK before
irradiation) and the UV-induced radicals were similar or identical. Awaja et al., however,
noted that the residual radicals could be produced during the manufacturing process. In
this research work, we have used electron spin resonance to find the effects of UV- and
X-irradiation on four types of PEEK. UV-and X-radiation appear to produce the same
type of induced free radicals, which are observable for longer times than previously
reported. In essence, we have found that radiation-induced radical formation may be
iii

more significant than previously thought for PEEK materials. Additional work is needed
to further characterize the radiation-induced free radicals and their long- term
consequences.

iv

TABLE OF CONTENTS
Chapter
1

Page
Introduction

1
PEEK

2

PEEK Applications

5

Problem statement

7

ESR Theory:

8

The g factor

12

Temperature dependence of spin population

13

Hyperfine splitting

14

Energy levels of a system with s = 1/2 and I = 1

15

Literature Review

18

Irradiation and ESR on PEEK
2

3

MATERIALS AND METHODS

18
22

Types of Polyether ether ketone (PEEK)

22

UV- and X-Irradiation

23

Free radical measurements

23

Results and Discussion

25

Conclusion & Future Work:
References

39
40

v

LIST OF FIGURES
Figure

Page

1. Chemical structure of PEEK

3

2.Schematic representation of PEEK microstructure, consisting of amorphous and
crystalline regions. [19]

4

3. The Zeeman energy levels of unpaired electrons in an external magnetic field.

10

4. Pictorial representation of dipole alignment in an ESR sample cavity.

11

5. First derivative of ESR spectrum showing hyperfine-coupling constant “a” and
splitting factor “g”.

13

6. ESR signal resulted from transition between two Zeeman states.

15

7. a) energy levels and allowed transitions for the deuterium atom at a constant field, b)
Spectrum at constant frequency

17

8. Plain-PEEK, and PEEK modified for processability PEEK-Me)

19

9.ESR spectra of Ar PIII treated PEEK samples for various voltages, compared to the
spectrum from an untreated PEEK sample. (From Awaja et al.2012)

21

10.ESR spectra of CH4/O2 PIIID treated PEEK samples for various voltages, compared
to an untreated sample. (From Awaja et al. 2012)

21

11. ESR measurement setup: (1) ESR magnet, (2) X-band microwave source, (3) Power
supply, (4) Console, and (5) Data acquisition Computer.

24

12. ESR spectra of all four types of tested PEEK before irradiation

25

vi

13. ESR spectra of all four types of tested PEEK before and after X-irradiation, as well as
before and after U-irradiation

28

14. Subtracted spectra (irradiated samples minus non-irradiated samples), representing
the radiation-induced radicals of mainly R2, one hour UV-irradiation.

29

15. Subtracted spectra (irradiated samples minus non-irradiated samples), representing
the radiation-induced radicals of mainly R2, one hour X-irradiation.

30

16. compares the spectral sizes (peak-to-peak heights) of R2 radical accumulation for
different PEEK samples

32

17.R2 formation with UV-irradiation time: (a) ESR spectra obtained via data subtraction
like in figure 3.1 (b) Corresponding radical concentrations for one of the samples

33

18. ESR spectra of all four types of tested PEEK before and after for 20, 40, and 60
minutes X-irradiation, as well as before and after for 20, 40, and 60 minutes UVirradiation

34

19. Microwave power saturation curves, ESR signal intensity with increasing microwave
power

35

20. Bar graphs showing estimates of R2 radicals produced upon UV. For non-irradiated
PEEK samples, R2 radicals are not present in detectable quantities; R2 is only introduced
upon irradiation

36

21.Bar graphs showing estimates of R2 radicals produced upon X-irradiation. For nonirradiated PEEK samples, R2 radicals are not present in detectable quantities; R2 is only
introduced upon irradiation

37

vii

22. (a) ESR experimental spectra of PEEK after UV-irradiation and b) Corresponding
radical concentrations. The grey line/bar represents the R1-only radical of PEEK before
irradiation

38

viii

CHAPTER 1
INTRODUCTION
Over the past two decades, Polyaryletherketone (PAEK) materials have been used
as biomaterials for orthopedic, trauma, and spinal implants [1]. PAEK is a family of high
performance thermoplastic polymers, commercialized for industrial application in the
1980s. Studies have shown the successful clinical performance of polyaryletherketone
(PAEK) polymers in orthopedics, especially with spinal applications [2-7]. Applications
of PAEK in joint arthroplasty as a bearing material and flexible implant have been
recently investigated as well [8-11].
Results from research on the characterization of the biocompatibility and in- vivo
stability of various PAEK materials, along with other "high performance engineering"
polymers such as polysulphones and polybutylene terephthalate have brought up various
concerns including the stress-induced cracking of polysulphones by lipids [12, 13]. These
concerns have limited the use of PAEK polymers in implants, while increasing the use of
two PEAK polymers, include poly (ether-ether-ketone) (PEEK) and poly (ether-ketoneether-ketone-ketone) (PEKEKK) for replacing metal implant components, especially in
orthopedics [14, 15] and trauma [16, 17]. The overall goal of this research is to gain a
better understanding of behavior of irradiated PEEK material. A summary of PEEK’s
properties and its application is provided in this thesis.
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PEEK
As mentioned in the previous section PEEK (Poly- Ether- Ether- Ketone)
represents a dominant member of the PAEK polymer family, and it can be processed
using a variety of commercial techniques, including injection molding, extrusion and
compression molding, at temperatures between 390 and 420 oC. At room and body
temperatures, PEEK is in its “glassy “state, as its glass transition temperature occurs at
approximately 143 oC, whereas the crystalline melt transition temperature Tm occurs
around 343 oC. After polymerization, PEEK is chemically inert and insoluble in all
conventional solvents at room temperature, with the exception of 97% sulfuric acid [18].
PEEK is classified as a linear homopolymer. Molecular size of polymers is their
distinguishing feature, as opposed to metal or ceramic materials. A PEEK molecule is a
linear chain of monomer units with an average molecular weight of 80,000-120,000
g/mol. The structure of PEEK confers outstanding chemical resistance. The aryl rings (an
aromatic backbone molecular chain) are interconnected via ketone and ether groups
located at opposite ends of the ring (referred to in chemistry as the “Para” position).
Figure 1 shows a chemical diagram of PEEK. The resonance stabilized chemical
structure of PEEK results in delocalization of higher orbital electrons along the entire
macromolecular, making it extremely unreactive and inherently resistance to chemical,
thermal, and post-irradiation degradation. We have already noted that PEEK cannot be
damaged by exposure to solvents except for concentrated sulfuric acid. The inherent
inertness of PEEK’s chemical structure also explains its biocompatibility.
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Fig. 1. Chemical structure of PEEK

PEEK’s molecular chain, however, is not static. Thermal energy or externally
applied deformations causes the vibration and rotation of molecular chains. The presence
of the aromatic (benzene) rings along the PEEK backbone makes the PEEK molecule
relatively stiff, but it can rotate around the ether (-O-) and ketone-carbon (-CO-) bonds.
The molecular chain can also rotate upon itself to form chain folds and create
crystals. Localization of crystals within amorphous (disordered) regions; make a twophase microstructure (see Figure 2). Polymer properties such as temperature-dependent
deformations can be correlated to the length and composition of the molecular chains.
Under clinically relevant conditions, however, PEEK is insensitive to temperature and
rate changes.
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Fig. 2.Schematic representation of PEEK microstructure, consisting of
amorphous and crystalline regions. [19]

The crystalline content of PEEK is dependent on thermal processing, which is
similar to many semi-crystalline polymers including UHMWPE (Ultra-High Molecular
Weight Polyethylene). The crystallinity of injection-molded PEEK is commonly 30-35%
[20]. The cooling rate of fabrication of PEEK has an effect on crystallization of PEEK.
By adjusting the cooling rate, the crystallinity can be significantly decreased, resulting in
a completely amorphous material.
The chemical structure of polyaromatic ketones confers stability at high
temperature (exceeding 300oC), resistance to chemical and radiation damage,
compatibility with many reinforcing agents (such as glass and carbon fibers), and greater
strength ( one per mass basis) than many metals, making it highly attractive in industrial
applications, such as aircraft and turbine blades, for example [21,22]. Research on
compatibility of PEEK with bioactive materials such as hydroxyapatite, either as a
composite-filled or as a surface coating, has also been investigated for possible
improvement of implant fixation [23-28].
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Applications of PEEK
Due to excellent mechanical, physical and surface properties of PEEK, it is used
in a wide range of applications such as transportation, energy, industrial, electronics,
semiconductors, and medical devices. The introduction of PEEK polymer into the
medical field has caused a great deal of interest in the past few years. PEEK is used for
orthopedic and spinal implants. Increasing need of PEEK started with an interest in the
development of “isoelastic” hip stems and fracture fixation plates with properties similar
to bone [29]. Neat PEEK (without additives or reinforcements) has an elastic modulus of
3-4 GPa, which can be increased by adding carbon fibers for reinforcement, to more
closely match that of cortical bone (18 GPa) better than other materials like titanium alloy
(110 GPa) [29].
In order to convert the PEEK to implant parts, standard polymer sterilization,
which is a mandatory process for materials used in medical applications, techniques is
used. Sterilization procedures commonly used are steam sterilization, ethylene oxide
(EtO) sterilization and sterilization by radiation. During sterilization by irradiation the
high-energy photons incident upon a polymer can cause chain scission, crosslinking,
defects (trapped electrons) within the polymer matrix, and the formation of free radicals.
The environmental condition also plays an important role when considering radiationinduced damage. Oxidation can occur in the material if it is exposed to air during or after
exposure to radiation. Oxygen can react with free radicals and peroxides can be formed,
which may breakdown into more radicals and create other peroxides. This process can
increase considerably the amount of free-radicals in the polymer and greatly accelerate
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the degradation process. Mechanical, as well as structural changes occurring within the
polymer may also reduce the longevity of medical implants.
Although PEEK is known as an outstanding stability upon exposure to radiation
and withstands most chemicals and gas [30], evidence of radiation damage can be found
in the literature. Radiation in stability is another common concern for aliphatic
polymers, including polyolefins such as UHMWPE, which are susceptible to bond
cleavage during irradiation, leading to the generation of long-lived macro radicals (often
referred to as “free radicals”) [31]. In contrast, because of its distinctive aromatic
chemical structure, PEEK display remarkable resistance to gamma and electron beam
radiation, with G values of radical formation about two orders of magnitude lower than
aliphatic polymers, such as polyethylene [32]. Furthermore, even though free radicals are
generated during irradiation of PEEK, they rapidly decay, likely due to recombination
reactions made possible by the mobility of electrons along the molecular chain [33]. In
studies of free radical decay using electron spin resonance (ESR), Li et al. [33] found no
evidence of residual free radicals in PEEK immediately after exposure with up to 600kGy
of gamma radiation, indicating that any free radicals produced by irradiation of PEEK
have a lifetime of less than 20 min, which was the time needed to transfer the samples
from the irradiation chamber to the ESR instrument in their experiment. Also Literature
shows that ionizing radiation can produce free radicals in PEEK. In a recent study,
Awaja et al. (2012) detected free radicals in plasma–treated PEEK at room temperature
with a lifetime of approximately 24 hours.
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Problem Statement
The overall goal of this project is to understand the mechanism or mechanisms of
formation and decay of free radicals in PEEK. Knowing that the lifetime of the radicals is
very short, in-house radiation sources, such as ultra violet (UV) and X-ray, are used for
production of radicals and use ESR spectrometer, located next to the radiation sources,
for detection and analyses purposes. To test the dependency of formation of radicals, both
in type and magnitude, on the molecular structural variation or crystallinity, four different
PEEKs are studied. They are: neat (unfilled) PEEK, film and rod, high-temperature (HT)
PEEK and carbon-fiber-reinforced (CFR) PEEK.
Techniques which are used to study effects of sterilization in materials include
thermally stimulated luminescence (TSL), electron spin resonance (ESR) spectroscopy,
differential scanning calorimetry (DSC), and Fourier transform infrared spectroscopy
(FTIR). In this research work, we used ESR to study the effects of X and UV-irradiation
on PEEK.
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ESR Theory:
ESR spectroscopy begins with a quantum analysis of the energy associated with
the magnetic dipole moments of electrons in a molecule. Magnetic dipoles have two
components: one that is due to spin angular momentum (arising from the electron
spinning about its axis), and one due to orbital momentum. In the most cases, the spin
angular momentum accounts for about 99% of the total magnetic dipole [34]. The
strength of the magnetic dipole is characterized by the dipole moment ,µ, which is
defined in terms of the interaction of the magnetic dipole with an external magnetic field
,H. the energy W of the magnetic moment is given by
W = -µ.H

(1)

= -µH cos
= -µz H
Where µz is the component of µ in the direction of H.
Every electron can be considered to be spinning about an axis as well as orbiting
about the nucleus. Its spin motion is designated by the spin quantum number s, which can
be shown to have a value of ½ only. The spin angular momentum is given by Ŝ where
Ŝ=

(

)] h/2π

(2)

In general, a charged particle spinning about an axis constitutes a circular
electric current, which in turn produces a magnetic dipole. The spinning particles behave
like a small bar magnet placed along the spin axis. The strength of this magnet for a point
charge is given by the magnetic dipole moment, µ which is proportional to Ŝ, and can be
written as
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µ = γ√ (

)

(3)

The proportionality constant γ = -ge/4πm is called magnetogyric ratio, and
contains an important factor g, which will be discussed in more detail in subsequent
paragraphs. Inserting the magnetogyric ratio into equation (3), the dipole moment
becomes
µ=-

√ (

)

(4)

The spin angular momentum Ŝ of a particle is characterized by the spin quantum
number s, where the allowed values of Ŝ range in unit increments form –s up to +s giving
2s+1 components. For a system with a single electron, s = 1/2 from (2), the quantized
angular momentum in the direction of the external magnetic field (the Z direction) can be
written in terms of the spin quantum number:
Ŝz = Ŝħ

(5)

Combining equation (3) and (5) the dipole moment becomes
Ŝħ = -g

µz = -g

Where

(6)

is the Bohr magneton.

The energy is found by combining equations (1) and (6)
W = 1/2g H
These two possible values of energy are called Zeeman energies.
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(7)

If an electromagnetic field of the appropriate frequency 𝝂 is incident on the
sample, transitions between the two Zeeman levels can be induced. These energy
transitions occur when the energy of the electromagnetic field matches the energy
level separation, ΔE which is given by
ΔE = E𝜶-E𝜷 = g𝜷Hr

(8)

Where Hr is the magnetic field at which the resonant conditions are met. Where Hr is
the magnetic field at which the resonant conditions are met. These transitions are shown
schematically in Figure 3.

Fig. 3. The Zeeman energy levels of unpaired electrons in an external magnetic
field.

In the presence of an external magnetic field, dipoles will align themselves
either parallel or opposed to the external magnetic field as shown in Figure 4. Since
parallel alignment is lower and more stable energy condition, the population of
electrons in this state is greater than in the antiparallel state. Energy transitions are
10

initiated by supplying an electromagnetic field with high frequency (usually in the
microwave range). If the energy of the microwave field corresponds to the ΔE, then
the field is said to be at resonant frequency and transitions occur. Dipoles in parallel
alignment to the magnetic field absorb energy from the microwave field, sending
them to higher energy states. Similarly, antiparallel dipoles release the same amount
of energy to the electromagnetic field. Since there are slightly more parallel dipoles
when resonance occurs, there will be a net absorption of energy by the dipoles. The
energy from the electromagnetic field that is lost to the dipoles is detected and
amplified yielding the ESR signal for the sample being analyzed.

Fig. 4. Pictorial representation of dipole alignment in an ESR sample cavity.
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The g factor
The “g” factor given in equation (3) is a constant known as a spectral splitting
factor. The characteristic value for a free electron “g” factor is 2.0032. Whenever an
external magnetic field is applied to a sample, an internal magnetic moment can be
introduced. This internal magnetic moment is caused by mixing of states into the
ground state, which is brought about by a coupling of the electron spin and orbital
angular momenta. The internal magnetic field may be added to or subtracted from
the external field. Since Hr is defined to be the external magnetic field at resonance,
“g” must be allowed to vary to account for any local magnetic fields. The effective g
value is given by
geff =

(9)

For most systems, the orientation of the induced (local) magnetic field depends on
the orientation of the molecule with respect to the external field. Such a system is
said to be an anisotropic system. In Figure 5 splitting factor “g” of an ESR spectrum
is shown.
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Fig.5. First derivative of ESR spectrum showing hyperfine -coupling constant
“a” and splitting factor “g”.

Temperature dependence of spin population
When a system is in resonant condition, energy is exchanged between the
high frequency electromagnetic field and free radicals such that transitions to
higher and lower energy states have equal probability. In order to be a net
absorption of energy (and therefore a detectable ESR signal), there must be a
difference in population between the two energy levels. The electrons in the Zeeman
energy levels are distributed according to the Boltzmann distribution
= EXP-[

Where
and

(10)

represents the number of electrons in the upper energy level,E

the number of electrons in the lower energy level, E ; k is the Boltzmann’s

constant and T is the absolute temperature of the sample. The difference in energy
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levels given in equation (8) can be interested into equation (10) resulting in the
following equation for population ratio:
= exp-[

]

(11)

An immediate result of equation (11) is that the population difference will
increase with decrease in sample temperature resulting in a stronger ESR signal.
Hyperfine splitting
The term ‘hyperfine splitting’ was used in atomic spectra to designate the
splitting of certain lines (ESR signals) as a result of interaction of the unpaired spin
(electron magnetic moment) with magnetic nuclei. The hyperfine interaction may
be either anisotropic (orientation dependent) or isotropic (independent of
orientation of H with respect to a molecular axis)
If the interaction of an electron with a magnetic field were the only effect
operative, then all ESR spectra would consist of one line (show in Figure 6).
Fortunately there are other interactions, which can produce spectra. States with s =
1/2 are referred to as doublet states since the multiplicity (2s+1) is equal to 2.
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Fig.6. ESR signal resulted from transition between two Zeeman states.

The first interaction to be considered is that of the electron spin magnetic
dipole with nuclei. Some nuclei possess an intrinsic spin angular momentum. The
spin quantum number I of these magnetic nuclei takes on one of the values ½, 1,
3/2, 2 … With a corresponding multiplicity of nuclear states given by (2I+1). I = 0
for all nuclei for which the atomic mass and atomic number are even. If the atomic is
odd and atomic mass is even, I is an integer, if the atomic mass is odd, I is a half
integer.
Energy levels of a system with s = 1/2 and I = 1
The spin Hamiltonian operator for the hydrogen atom is
Ĥ = g𝜷H

z

+ h A0 zȊz

Where, “A0”is called the isotropic hyperfine coupling constant (measured in Hz),
“hA0” measures the interaction energy between the electron and the nucleus. The H
(deuterium) atom is a simple example of a system s = 1/2and I = 1. Since the
eigenvalues of Ms of Sz are 1/2 and those of Iz are MI = +1, 0, -1 there will be six
possible spin states of the deuterium atom, are represented by |
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These energies are
W1/2, 1 = 1/2g𝜷H+1/2hA0
W-1/2,-1 = -1/2g𝜷H+1/2hA0
W1/2, 0 = 1/2 g𝜷H
W = -1/2g𝜷H
W1/2,-1 = 1/2g𝜷H-1/2hA0
W-1/2, 1 = -1/2g𝜷H-1/2hA0

By virtue of the selection rules ΔMs = 1 and ΔMI = 0, there are three
allowed transitions. These are depicted in Figure 7. a ; a typical derivative spectrum
in an increasing magnetic field is shown in Figure 7. b. Under conditions of constant
microwave frequency, transitions will occur at the resonant fields:
Hk =

–a

Hl =

and Hm =

16

+a

Fig.7. a) energy levels and allowed transitions for the deuterium atom at a
constant field, b) Spectrum at constant frequency

Where, “a” is the splitting constant. These lines are of equal intensity, since
there is no coincidence of states; i.e., the states are all nondegenerate. Hyperfine
lines can be more complex if the unpaired electron at the free radical site interacts
with different protons.
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Literature Review
Irradiation and ESR on PEEK
In 1994, Vaughan and others studied the response of oriented PEEK to high
energy electron radiation within range 0-400MGy by differential scanning calorimetry
(DSC) and wide angle X-ray scattering (WAXS) techniques [35]. They concluded that
increasing the radiation dose would cause destruction of crystallinity, which resulted in
the formation of intermolecular crosslinks and lowering of melting temperature. In 19845, Yoda explained the radiation resistance of PEEK, but noted in 1985 that the
amorphous regions of PEEK could be damaged by high-energy ionizing irradiation [36,
37].
Heiland et al. (1994) studied the radiation resistance of PAEK material using
ESR. They investigated the radiation resistance of 5 kinds of PAEK (including PEEK)
using gamma-irradiation at a wide range of doses (1 kGy to 1,500 kGy) [38]. The authors
noted that the aromatic ring on molecular structure of PEEK increased its radiation
resistance, but that this ring was modified to ease its processing (Figure 8). The authors
similarly modified the molecular structure by substituting a methyl group onto the
aromatic ring, and observed decreased radiation resistance. The authors point out that
ESR is useful for this type of investigation of radiation effects on PEEK, because ESR
can detect changes at radiation levels below the limits of detection from other methods –
such as those which observe mechanical properties.
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Fig.8. Plain-PEEK, and PEEK modified for processability PEEK -Me)

In 1999, Li and others studied the effects of ionizing radiation on PEEK by using
UV- and γ-irradiation, and electron beam [33]. They used ESR to show the creation of
radicals in PEEK, which were induced at room temperature by UV, and at 77K by both
UV and γ-irradiation. All of these radicals decayed totally within 24 hours.
In 2001, Vaughan et al. studied the effects of electron beam irradiation of dose up
to 100 MGy on the glass- transition temperature. Differential scanning calorimetry
showed an increase in crosslink density and glass transition temperature in amorphous
samples [39].
In 2007, Kang and others studied the mechanical, electrical, and dielectric
properties of γ-irradiated PEEK, thermally aged PEEK, and PEEK which was γ-irradiated
after thermal aging. They found that the quantity of induced dipoles and ions and the
glass transition temperature all increased with radiation dose and thermal ageing [40].
In 2010, Awaja et al. used a plasma process to prepare PEEK surfaces for bonding
through the formation of a thin film of a plasma polymer on both surfaces; pressure was
applied at above the glass temperature but below the melting temperature, providing self-
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bonding or autohesion with the advantage of being adhesive-free [41]. These strong,
autohesive bonds between semi-crystalline PEEK surfaces used radio-frequency (RF)
plasma and compared different mixtures of methane and oxygen gases. The combination
of methane and oxygen produced higher bond strengths polar components of surface
energy as compared to samples with just methane or without oxygen or methane.
In 2012, Lawrence et al. made PEEK reinforced with alumina to compare with
plain PEEK (without alumina); they irradiated it to 10 MGy and compared the
mechanical properties and found that the degradation of mechanical properties was less in
the alumina-PEEK composites [42]. This would imply a greater lifetime than plain
PEEK.
In 2012, Awaja and others took PEEK film and subjected it to ion bombardment
in argon, and in methane/oxygen plasma using a process called “plasma immersion ion
implantation (PIII)” [43]. They found, via ESR spectroscopy, that carbon-centered and
oxygen-centered free radicals were generated by the treatment. Larger quantities of
radicals were formed after CH4/O2 treatment than after Ar treatment, due to an increase
in oxygen radicals. As shown in Figure 9, the concentration of unpaired electrons was
dramatically increased when PEEK was bombarded by high energy photons, electrons
and ions present in the plasma environment. Figure 10 shows the concentrations of
unpaired electrons also increase when a plasma polymer layer was deposited onto PEEK;
both figures show the untreated PEEK films with ESR signals at g = 2.0034, which
increased with voltage. The authors (Awaja et al.) suspected that the radicals in plain
(untreated) PEEK could arise from manufacturing process or environmental exposure to
background radiation, and that the new radicals slowly decayed when the samples were
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exposed to air at room temperature. A strong correlation was observed between the free
radical density and the autohesive bonding strength developed between two treated PEEK
surfaces.

Fig. 9.ESR spectra of Ar PIII treated PEEK samples for various voltages,
compared to the spectrum from an untreated PEEK sample. (From
Awaja et al.2012)

Fig.10.ESR spectra of CH4/O2 PIIID treated PEEK samples for various
voltages, compared to an untreated sample. (From Awaja et al. 2012)
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CHAPTER2
MATERIALS AND METHODS
Types of Poly Ether Ether Ketone (PEEK)
Most PEEK materials, used for medical applications are manufactured by
Invibio (Subsidiary of Victrex, Ltd.: Thornton Cleveleys, United Kingdom) ;Invibio also
makes an industrial grade of PEEK which is sold under the trade name Victrex®. The
primary difference between the medical (Invibio) and industrial (Victrex) grades is the
absence (medical grade) or the presence (industrial grade) of impurity. Medical grade is
subjected to additional processing to remove impurities. Since medical grade PEEK is
not available in an open market, we used Victrex (industrial grade) in this study. We did,
however, analyze a small quantity of medical grade PEEK, which was donated to us.
Samples used for ESR measurements are listed in the table 1.

Table 1. Comparison of some physical properties of different grades of PEEK.
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For this study, we used 10mil. (0.254 mm)-thick film of “plain” Victrex PEEK
(unfilled). We also tested plain PEEK rod (6 mm diameter), PEEK rod of higher
temperature resistance (“HT PEEK”), carbon-fiber reinforced PEEK (“CFR PEEK) rod,
and medical-grade plain PEEK pellets (provided by Orthoplastics Ltd, UK). The melting
point of plain PEEK is 343°C, while the melting point of HT-PEEK is 373°C.
UV- and X-Irradiation
UV-irradiation was performed with a broad-band ultra-violet-visible (UV-Vis)
lamp (250 Watt, Oriel® 688 10 Arc Lamp) for the following time exposures: 5, 10, 15,
20, 40, 60 minutes. X-irradiation was performed using an X-ray source (Scientific
America) operating at 50 kV and 45 mA for the same time-exposures as the UV (5, 10,
15, 20, 40, 60 minutes). All UV- and X-irradiation exposures were performed in air at
room temperature. Temperature change during irradiation due to radiation type and
exposure time may be different (not recorded).
Free radical measurements
Free radicals were detected using high sensitivity X-band electron spin resonance
(ESR) spectrometer (EMX300 by Bruker) at 23°C in air. The spectrometer was fitted
with a mixed mode resonance cavity, operating at 9.8 GHz microwave frequency. The
spectra were recorded as the first derivative of the resonance absorption signals, detected
at 100 KHz by modulating the external magnetic field at the same frequency (100 KHz).
The ESR spectra (first derivative) of the non-irradiated, X- and UV-irradiated PEEK
samples were recorded at 1mW microwave power and 5 Gauss modulation amplitude.
The ESR measurement setup is shown in Figure 11 below. PEEK film samples were cut
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into pieces of size approximately 10 mm x 2 mm and placed into quartz ESR test tubes,
and the rod (6 mm diameter) PEEK samples were cut into sections of approximately 7
mm, which were inserted into the ESR spectrometer cavity for testing. The resulting
spectra were then analyzed by Bruker WIN-ESR software; the g-values of radicals were
also obtained using this software.

Fig.11. ESR measurement setup: (1) ESR magnet, (2) X-band microwave
source, (3) Power supply, (4) Console, and (5) Data acquisition
Computer.

Before irradiation, each set of samples was weighed and tested by ESR. Samples
were also tested immediately after irradiation treatments, and stored in air at room
temperature for subsequent testing.
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CHAPTER 3
RESULTS AND DISCUSSION
Each and every PEEK sample, as listed in Table 1, tested before irradiation,
produced an ESR spectrum consisted of a single line whose spectral splitting factor g =
2.0034 and the line width H = 30G. First-derivative ESR spectra of four PEEK
samples are shown in Figure 12 [(1) Plain film, (2) plain rod, (3) HT rod, and (4) CFR
rod] (Note that the signal intensity of a much smaller piece (2mg compared to 75mg of
other three) of CFR PEEK sample is much higher (2x) than each one of the other three.
This result suggests that carbon fiber introduces more free spins (radicals) into the
polymer matrix. The presence of radicals in non-irradiated PEEK was reported as
residual radical by others [45]. Although molecular structure of the radical was not
provided by any, previous investigators suggested that the radical could be produced
during manufacturing process of PEEK. Based on the characteristics of the ESR
spectrum, as shown in Figure 12, they labeled it as a carbon-centered radical (>C*-). For
lack of proper name, therefore, we label it as radical 1 or R1 in this study.
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Fig.12. ESR spectra of all four types of tested PEEK before irradiation
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When irradiated with UV or X-rays, ESR signal intensity of each sample
increased significantly, indicating that either a new and different radical was formed
and/or the number of the original radical increased. To reveal spectral feature of the
radiation-induced radicals, we used spectral subtraction method. ESR spectra of all four
types of PEEK samples recorded before and after X-irradiation, as well as before and
after UV-irradiation are presented in Figure 13. For illustration, each figure shows the
non-irradiated(black), irradiated (blue), and their difference (irradiated minus nonirradiated)(pink). Subtracted spectra do clearly look different. For example, in Figure 15
the humps in the shoulders (shown by arrow) are indication of hyperfine coupling of the
unpaired electron (at the free radical site) with nearby protons. In other words, it is an
evidence of formation of a new radical in PEEK as a result of X irradiation. Similar
radical is also formed due to UV irradiation; however, evidence is not as clear because of
weak spectral feature. To distinguish between the original and the radiation-induced
radical, the latter is labeled as radical 2 or R2.
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Fig.13. ESR spectra of all four types of tested PEEK before and after Xirradiation, as well as before and after U-irradiation
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To compare the concentration of R2 in different PEEK samples, subtracted
spectra (representing R2) normalized to unit mass, are plotted in Figures 14 and 15 for
one hour UV- and X-ray irradiation, respectively. Note that a different intensity scale is
used for the CFR-PEEK samples because of very strong signals resulted from high
concentration of free spins per unit mass.

Fig.14. Subtracted spectra (irradiated samples minus non -irradiated samples),
representing the radiation-induced radicals of mainly R2, one hour UVirradiation.
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Fig.15. Subtracted spectra (irradiated samples minus non -irradiated samples),
representing the radiation-induced radicals of mainly R2, one hour Xirradiation.
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Using bar graphs, Figure 16 compares the relative concentration (peak-to-peak
heights) of R2 radicals in all four types of PEEK samples. As seen in the figure, the CFR
PEEK had the largest quantity of R2 radicals produced by both UV- and X-irradiation.
For the non-carbon-filled samples, UV-irradiation induced the largest quantity of R2
radicals in the HT-PEEK, whereas X-ray induced the largest numbers of R2 radicals in
HT and plain PEEK rod, as compared with plain PEEK film.
When comparing the different exposure times of UV- and X-irradiation, there was
no evidence of free radical formation in the ESR spectra for times of 5, 10, and 15
minutes for HT-, CFR-, and Plain (rod) PEEK. For the PEEK film, we did see radiationinduced radicals for these shorter time periods, as seen in Figure 17. We also irradiated
all samples for 20, 40, and 60 minutes, as shown in Figure 18.
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Fig.16. compares the spectral sizes (peak-to-peak heights) of R2 radical
accumulation for different PEEK samples
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Fig.17.R2 formation with UV-irradiation time: (a) ESR spectra obtained via
data subtraction like in figure 3.1 (b) Corresponding radical
concentrations for one of the samples
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Fig.18. ESR spectra of all four types of tested PEEK before and after for 20,
40, and 60 minutes X-irradiation, as well as before and after for 20, 40,
and 60 minutes UV-irradiation
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We did perform ESR measurement with increasing microwave power to look for
the point of saturation in plain PEEK film, which was found to be about 0.5-2 mW for
both the R1 (non-irradiated) and R2 (X- or UV-induced) radicals; a plot of these
saturation curves are shown in Figure 19. Although the distinction between the two is not
very clear (see Figure 19), compared to R1, R2 appears to saturate at slightly higher
microwave power, suggesting that it is an oxygen-centered radical. R2 quantities were
found to increase with UV-exposure time, as shown in Figure 20; we also observed
similar increases with X-irradiation as shown in Figure 21.

Fig.19. Microwave power saturation curves, ESR signal intensity with
increasing microwave power
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Fig.20. Bar graphs showing estimates of R2 radicals produced upon UV. For non irradiated PEEK samples, R2 radicals are not present in detectable
quantities; R2 is only introduced upon irradiation
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Fig.21. Bar graphs showing estimates of R2 radicals produced upon Xirradiation. For non-irradiated PEEK samples, R2 radicals are not
present in detectable quantities; R2 is only introduced upon irradiation
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As mentioned earlier, previous reports (such as Lei et. al.) do not report a
significant presence of radiation-induced radicals after 24 hours. We have, however,
detected a significant presence for up to three weeks (21 days), as indicated in Figure 22.

Fig.22. (a) ESR experimental spectra of PEEK after UV-irradiation and b)
Corresponding radical concentrations. The grey line/bar represents the R1only radical of PEEK before irradiation
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Conclusion & Future Work:
Our results show that an additional radical is created in PEEK upon UV- or Xirradiation. The UV-induced radical concentrations were found to increase with time of
exposure, and we also observed similar increases with X-irradiation. Perhaps more
importantly, though, while any new radiation-induced radicals do decay with time in air
at room temperature, we were able to still observe UV-induced radicals after more than
three weeks – much longer than previously reported.
It appeared that larger quantities of R2 radicals were induced from X-irradiation
than from UV for the plain PEEK rod. This may be because the rod was thicker than
film, and X-rays are more penetrating than UV, so the UV only affected the surface of the
rod, whereas the X-rays penetrated throughout the rod. In case of film X- and UV induces
about equal number of radicals. This could be due to penetration of photon through the
same number of molecules.
We see radicals that are already present in as-received PEEK, before any type of
radiation treatment (the same is seen in both industrial grade and medical grade).
For future work, it would be good to investigate the source of the R1 radicals and
how they created. These R1 radicals also show great resistance to heat, as we tried many
times but were unable to decrease the quantity of these radicals via heating close to
melting temperature. Heating beyond melting, however, resulted in a slight increase of
the same type (R1) of radicals. Further information about the characteristics of R1 and
R2 are also needed. Additionally, about radicals induced by gamma-radiation would also
be useful.
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